The explosive welding method has a wide range of applications, which is still growing. A rapid worldwide growth of interest is evident, since the use of multi-layer materials is becoming increasingly vital for the industry. However, the materials produced by explosive welding rarely possesses their final application characteristics. Therefore, post-welding processes are in most of the cases necessary to form or improve the properties of the product of explosive welding. This paper describes a study on the suitability of cold rolling processes for formation and/or properties' improvement of explosively welded bimetallic aluminum-copper specimens. Two different cold rolling processes are tested. The rolling process products are examined as regards their hardness and the microstructure of the intermetallic layer on the bonding surface. Defects, such as lateral spread, observed during cold rolling are also evaluated.
Introduction
In last decades, a growing need for metallic materials of special requirements regarding their properties has been risen. In many cases, these materials should response by activating two or more different deformation mechanisms under loading and consequently their properties should vary along their thickness. Therefore, a great part of the research interest on this field focused on multilayer metallic materials, which are able to meet the new demanding specifications by bonding metals with dissimilar properties. However, a strong bond in very dissimilar metals welding is often impractical to be achieved by conventional fusion welding. As a solution for this problem, the explosive welding process can be applied. Explosive welding or cladding is a solid-state technique in which the detonation of a certain amount of an explosive is used to accelerate one of the materials in order to promote a high velocity oblique collision. This collision produces pressures high enough to cause excessive plastic deformation at the interface and mixing of the surface layers of materials to be bonded which can result in a linear or a wavy interface in explosively welded joints.
A considerable number of studies have dealt with the configuration of the explosive welding process and the simulation of the explosive welding mechanism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Lysak & Kuzmin [1] used a calorimetric method to determine the portion of the energy transferred to the flyer plate and reached the conclusion that this amount of energy does not exceed 1% of the total energy of the explosion. In the same study it was also shown that during the collision of explosively welded plates, a portion of the kinetic energy of the flyer plate transforms into other types of energy and is also released as heat. Mendes et al. [2] examined the influence of explosive characteristics on the weld interfaces of stainless steel AISI 304L to low alloy steel 51CrV4 in a cylindrical configuration and showed that the type of explosive and the type and proportion of explosive sensitizers affect the main welding parameters, particularly collision point velocity. The effect of explosive welding parameters on metallurgical and mechanical interfacial features of Inconel 625/plain carbon steel bimetal plate was examined by Rajani & Mousavi [3] who related the load ratio and standoff distance as two main explosive welding parameters to interfacial features of explosive cladded Inconel 625/plain carbon steel bimetal plate such as interfacial structure, interfacial local melting phenomenon, localization of plastic strain, hardness variation across the interface and adhesion strength. Wang et al. [4] introduced the usage of the material point method (MPM) in numerical simulation of explosive welding, attaining important technical parameters for the explosive welding on the MPM simulation. Smoothed Particle Hydrodynamics (SPH) method was used by Xiao Wang et al. [5] on a numerical study of the mechanism of the explosive/impact welding, who showed in this study that although it is found that bonding is more likely to be a solid state welding process, however, in some cases, it is likely to be a fusion welding process. A series of numerical and experimental studies of the mechanism of the wavy interface formations in explosive/impact welding performed by Mousavi et al. [6] , using a finite difference engineering package to model the oblique impact of a thin flyer plate on a relatively thick base. Athar & Tolaminejad [7] calculated the weldability criteria which should be met in order to achieve a good welding quality for Al/ Cu/Al explosively welded bimetallic sandwich. Akbari Mousavi et al. [8] also simulated the welding process using a finite elementbased computer model. Wypart et al. [9] investigated the effect of plastic deformation and heat treatment on the properties of joint area of AL99,8 + M1E bimetallic plate. In this study, the joining zones were analyzed after rolling in three variants: directly after joining, after joining and annealing at 300°C, and after joining and annealing at 400°C. Experimental and computational analysis of aluminum to aluminum explosive welding was also performed by Grignon et al. [13] ; this study concerned with the so-called "Mars Sample Return Mission".
Microstructure and intermetallic compounds which are developed during the explosive welding process on the welding surface have also been extensively studied [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . The elastic and thermodynamic properties of Al-Cu intermetallic compounds have been investigated by using the first-principles density functional theory (DFT) within the generalized gradient approximation (GGA) by Chen et al. [15] . The fatigue behavior of Cu-Al interfaces, focusing on the role of the intermetallic compounds on this behavior, has been studied by Lassnig et al. [16] . Bataev et al. [17] examined the structural and mechanical properties of metallic-intermetallic laminate composites produced by explosive welding and annealing under tension tests and impact strength tests. This study focused on the effect of the annealing time on the intermetallic layer growth. Microstructural inhomogeneity and mechanical properties of explosive welded 2205 stainless steel/X65 steel bimetallic sheets were investigated by Zhang et al. [18] who reported that voids were prone to appeared in the peninsula and island morphologies near the interface. Kahraman et al. [19] observed that grains near the interface were elongated parallel to the explosion direction in a study on joining of titanium/stainless steel by explosive welding, whilst the effect of annealing on the interface microstructure and on mechanical characteristics of AZ31B/ AA6061 composite plates fabricated by explosive welding was examined by Zhang et al. [20] . In this study, they reported that on annealing at and above 250 °C, intermetallic compounds of Al 3 Mg 2 and Al 12 Mg 17 were observed to exist at the bonding interface. Xie et al. [21] examined the microstructure of CP-Ti/ X65 bimetallic sheets fabricated by explosive welding before and after hot rolling. A metallographic examination of copper/ stainless steel joints formed by explosive welding was performed by Durgutlu et al. [22] who reported that diffusion did not take place between bonding plates, however, diffusion was observed after annealing of the bonded samples for different times. Song et al. [23] investigated the effect of Si additions on the intermetallic compound layer of 5A06 aluminum alloy and AISI 321 stainless steel. The different morphologies for welding interface obtained by changing the welding parameters were investigated by Athar & Tolaminejad [7] . The weldability criteria which should be met to achieve good welds for aluminum-copper joints were also reported; in addition, an effort for establishing a relation between microstructure and parameters of the process can be found in this study. The wave formation at the explosive welding interface was analytically studied by Cowan et al. [24] who investigated the mechanism of bond zone wave formation; Jaramillo et al. [25] who investigated the transition from a waveless to a wavy interface in exploding welding and Bazdenkov et al. [26] who proposed possible mechanism of wave formation in explosive welding.
Summarizing the research reported in it should be noted that theories suggested for wave formation in explosive welding belong to the following categories: Indentation mechanism, flow instability mechanism, vortex shedding mechanism and stress wave mechanism [6, 7, 26] . Another mechanism was proposed based on the similarity between the interfacial waves in explosive welding and von Karman's vortex streets generated behind an obstacle [24] .
Moreover, in many cases it has been reported that the final multi-layer product's properties of the explosive welding process needed improvement or further forming operations. Thus, a need for post-welding processes which would be able to deal with this challenge emerged [10] . Asemabadi et al. [27] investigated the influence of a cold rolling process on the mechanical properties and the bond strength of Al/Cu/Al sandwich specimen fabricated by explosive welding. In their study, the mechanical properties of the raw materials and the cold-rolled samples were experimentally determined using the tensile, tensile-shearing and hardness tests along the thicknesses of the samples, as well as fractography of the fracture surfaces after the tensile tests. An investigation of the structural and mechanical properties of metallic-intermetallic laminate composites produced by explosive welding after annealing under an air atmosphere of 630 °C with time variation from 1 to 100 hours was performed by Bataev et al. [17] . The effect of a hot rolling process on the mechanical properties of CP-Ti/X65 bimetallic sheets fabricated by explosive welding was examined by Xie et al. [21] .
Using the explosive welding method, the desired thickness of the sheet is rarely obtained. Therefore, it is essential to apply the second post-welding process, which is, in a great variety of applications, the rolling process. However, when an intermetallic compound has been formed during the welding process (mostly in the form of a global or local layer), it is important that the post-welding process does not affect the structure of this brittle layer. The aim of the present study is to investigate the formability, as regards cold rolling, of explosively welded bimetallic Al/Cu specimens and to determine if a cold rolling process is able to reduce their thickness and improve their properties without affecting the intermetallic layer, through hardness and metallographic investigation. To achieve this objective, two different cold rolling schemes were performed on the explosively welded specimens and the rolled specimens underwent Vickers hardness measurements and optical and scanning electron microscopic examination. A comparison of the results of the different rolling processes is provided together with the conclusions on the suitability of the cold rolling process for post-welding treatment of the Al/Cu explosively welded specimens.
Experimental

Material and specimens
Two explosively welded bimetallic aluminum-copper specimens, A and B, were used for the experiments, as shown in A steel lamina of high hardness was used as driving plate. This plate's dimensions were 200 mm × 60 mm × 2.9 mm.
Experimental set-up and procedure
Explosive welding: The explosive welding set-up is presented schematically in Figure 2 . The explosive material (detonator) used was ammonium nitrate of low defusing speed (ANFO ® ), with granular oil content 6 % and packing density 0.85 g/cm 3 . In order to avoid the creation of an unstable defusing front, the booster explosive material PETN of 7000 m/s defusing speed was also used. The explosive welding arrangement was inclined with positioning angle α=6°. Table 1 shows the parameters of the explosive welding operation. The dimensions of the explosive welded specimens are presented in Table 2 . Cold rolling: The rolling mill used for the present series of experiments consisted of two hardened steel rolls of diameter D=200 mm and width L=100 mm. The body of the rolling mill was made of cast iron. The rollers were connected with an asynchronous gearmotor of 7 KW power and their rotational speed was varying from 3.3 to 20 rpm. Two KISTLER ® converters of 40 tn maximum capacity, adjusted on the mounting of the upper roller, were used to monitor the load throughout the experiments. To monitor the torque, two KYOWA ® torque Both specimens underwent a series of passes of cold rolling without lubrication. The decrease of the total thickness and the thickness of each layer of the bimetallic specimens, as well as the change of the width and the length of the two components of the specimens, were measured after each pass using an electronic digital caliper. Specimen A underwent 11 passes of cold rolling with 0.5 mm thickness reduction in each pass. Specimen B underwent 6 passes of cold rolling with 1 mm thickness reduction in each pass.
Hardness measurements: Before and after each experiment, Vickers hardness of each layer of the specimens was measured, using a WolpertDiaTestor 2rc hardness measuring machine. For these measurements the weight was 5 kp and the application time 15 s. To ensure the accuracy, three measurements were performed on each specimen.
Metallographic observation:
In order to perform a metallographic study of the specimens, each one of them cut transversely and boxed using ACRYFIX resin. The cross section surface was mechanically ground using SiC paper (grid 220, 500, 800, 1200, 2400 and 4000). Subsequently, it was polished using velvet paper with diamond grains. During the polishing process, liquid alumina solution was added. The polished specimens washed with ethanol and dried. A LEICA DMR optical microscope was used for the metallographic study. Furthermore, to investigate the intermetallic compounds resulted from the explosive welding process, before the cold rolling operation, a Philips XL 40SFEG scanning electron microscope (SEM) with an incorporated EDAX EDS analyzer was used for further investigation of the specimens.
Results and discussion
All the parameters of the cold rolling for specimens A and B are presented in Table 3 and Table 4 , respectively. Table 5 shows the variation of the dimensions of specimens A and B occurred from the cold rolling process. The average values of the Vickers hardness tests, before and after cold rolling, for both specimens can be found in Table 6 . Figures 3-5 present the variation of the total rolling force, the total rolling torque and the lateral spreading in relation to total thickness reduction, respectively, for both specimens.
The microstructure of the Al/Cu interface of the explosively welded specimens A, as observed using the optical microscope, are presented in Figures 6-7 , together with a series of photographs showing partially and more focused the whole interface, see Figure  7 . Scanning electron micrographs and elemental microanalysis spectrum of the same specimen before cold rolling, as observed in a scanning electron microscope (SEM), are shown in Figure  8 . The chemical composition of the intermetallic compound is presented in Table 7 .
Deformation behavior of the bimetallic specimens
The forming processes used for this study did not involve any heat treatment of the specimens, neither before rolling, nor at any stage between rolling passes. Due to the lack of heat treatments, secondary tensile stresses developed during the rolling processes were quite high, resulting in limited failure modes, such as lateral spread and folding material at the edge of the specimens. Rolling pass thicknesses of 0.5 mm and 1 mm, for specimens A and B respectively, were selected to limit the intensely deforming phenomena characterizing cold rolling operations with large thickness reduction.
As it can be seen in Figure 3 , each point of the total rolling force versus total thickness reduction diagram corresponds to the rolling force value of the current rolling pass increased by the total rolling force of the previous passes. Therefore, the vertical distance between two points corresponds to the rolling force per pass.
From Figures 3 and 4 it be concluded that both rolling force and torque increase with increasing total thickness reduction in a slightly parabolic manner. For specimen A, which experienced about twice as many rolling passes from specimen B, the gradient of both curves is slightly greater. This is a result of the combined effect of work-hardening, which increases by increasing the number of passes, and plastic deformation on specimens'
surfaces. However, a complete work-hardening phenomenon is not particularly evident, since there is no constant value for both force and torque in the final part of the curves.
In Figure 5 the lateral spreading behavior of both specimens is presented. It is evident that lateral spreading increases with increasing total thickness reduction. The final lateral spread value of the aluminum layer is the same for both specimens, a behavior that can also be observed for the copper layer. More specifically, the width increase for the aluminum layer reached the 61 % for both specimens A and B. The corresponding copper layer's width increase was 14 % for specimen A and 12.9 % for specimen B.
These different values of lateral spread between the two layers of each bimetallic specimen are due to the aluminum's low Young's Modulus in comparison with copper. The lateral spreading behavior of the copper layer does not appear to be changing depending on the number of passes. However, although the first and last values of the aluminum layer are equal for specimens A and B, intermediate values vary considerably. By increasing the number of rolling passes, aluminum layer's behavior results into a steeper curve, i.e., for the same thickness reduction, an 
increased lateral spread corresponds to the rolling operation with more passes. Both specimens' initial width/thickness ratio was very low and, consequently, their lateral spread was quite considerable. On the lateral spread areas, surface defects in the aluminum layer were observed, see Figure 9 . These defects seem to worsen for each new pass of the rolling operation; see similar observations in Ref. [10] .
The elongation occurred from the rolling process was different for each layer of the specimens, see Tables 3 and 4 . Specimen's A aluminum layer's length increase was 127.32 % and copper layer's 89.10 %. Specimen's B respective values were 114.89 % and 90.57%. These extension differences led to a curvature of the bimetallic specimen, as can be seen in Figure 10 . As a result of this curvature, compressive stresses were developed at the center of the specimens and tensile stresses at their front and back edges, in the rolling direction. Due to these stresses, cracks and disruption were observed at the edges of specimen A, together with excess material at the front edge and folding material at the back edge, see Figure 11 . From Figure 12 it is evident that specimen B had the same lateral spreading behavior, cracks, disruption, and surface defects as specimen A.
Effect of the cold rolling process on the bimetallic specimen's hardness
Vickers hardness measurements performed, before and after cold rolling, on the prepared for metallographic investigation specimens. Hardness values for each specimen are presented in Table 6 . It is evident that the rolling process increased the hardness value of both specimens. The rolling process causes creation of dislocations and disorders of the crystal lattice, both of which lead to increase of the yield point and decrease of the ductility of the bimetallic specimen's layers.
The combined effect of the plastic deformation along the whole thickness of the specimen and the work-hardening resulted in higher hardness values for the rolling sequence with more passes of lower thickness reduction (specimen A), in comparison with the rolling sequence with less passes of higher thickness reduction (specimen B). For both specimens the maximum hardness increase after cold rolling achieved on the copper layer. Thus, the hardness increase for the copper layer of specimen A, which underwent 11 passes of cold rolling, was 24.63 % and for the respective copper layer of specimen B, which underwent 6 passes of cold rolling, was 15.67 %; see Table 6 . Similar results were obtained for the aluminum layers whose respective values were 21.82 % and 14.55 %.
Microstructural characterization
The main microstructural features of the Al/Cu interface of the explosively welded bimetallic specimen A after cold rolling, i.e., crack, cooling cavity and intermetallic compound, are presented in Figure 6 . Since the microstructure, the elemental microanalysis spectrum and the defects of both specimens were exactly the same, only results pertaining to specimen A are presented.
Microstructure of the Al/Cu-interface in the transverse section, along the explosive welding and rolling direction, together with detailed views of the whole interface can be seen in Figure7. Figure 8 presents scanning electron micrographs and elemental microanalysis spectrum of the interface before cold rolling.
Along the welding direction a brittle discontinuous intermetallic layer can be detected in Figure 7 -detailed views. The thickness of this layer increased locally in the small transition zone at the center of the specimen. At the back edge of the specimen (left edge), where folding material was developed, many welding openings can be detected, resulting in a non-proper bonding. Therefore, it may be concluded that at this edge the rolling operation destroyed the explosive welding bonding of the metallic components of the specimen. However, at the front edge, where excess material was detected, only a small welding opening may be observed, the size of which is not possible to affect the integrity of the explosive welding interface bonding.
It is evident that the average size of the discontinuous intermetallic regions is bigger from the front edge to the center of the specimen and considerably smaller in the region starting just after the center until the back edge of the specimen. From this observation may be concluded that, along with the excess material, a stress accumulation mechanism occurs at the front end of the specimen leading to a stronger fracture effect on the previously continuous intermetallic layer. After the rolling of the center of the specimen a stress relieving mechanism takes place leading to a more uniform fracture mode. This conclusion is supported by the small cracks detected close to the nearby broken intermetallic regions cavities of the front half specimen. These cracks tend to disappear on the back half specimen or still exist in a considerably smaller size.
As it is evident from Figure 9 , the morphology of the explosive welding interface remains wavy even after a multiple-pass cold rolling operation. After explosive welding, intermetallic compounds of the interface can be mostly observed in a vortex form [10, 28] . Many of these previous vortices, after the rolling operation, broke and turned into flattened intermetallic compounds, see Figure 6 . The biggest of these vortices deformed more than the smaller during the rolling operation creating a considerable amount of new entrapped copper regions.
Conclusions
Explosively welded bimetallic Al/Cu specimens underwent two different cold rolling processes, which included different number of passes and different thickness reduce per pass, in order to investigate their formability and to determine if a cold rolling process is able to improve their properties. Through the experimental study performed the following general conclusions may be drawn:
Both rolling force and torque increase with increasing total thickness reduction in a slightly parabolic manner, see Figures 3 and 4. For the specimen which underwent twice as many rolling passes in comparison with the other specimen, the gradient of both curves is slightly greater as a result of the combined effect of work-hardening and plastic deformation on specimens' surfaces. However, a complete work-hardening phenomenon is not particularly evident.
The lateral spreading of the specimens increases with increasing total thickness reduction. The final lateral spread value of the aluminum layer is the same for both specimens and it is considerably greater than the lateral spread of the copper layer, which is also the same for both specimens, see Figure 5 . On the lateral spread areas, surface defects of the aluminum layer were observed, which seem to worsen for each new pass of the rolling operation, as can be seen in Figure 9 .
Due to the compressive stresses developed at the center of the specimens and the tensile stresses at their front and back edges, as a result of the different extension of each layer which led to a curvature, cracks and disruption were observed at the edges of the specimens, together with excess material at the front edges and folding material at the back edges, see Figure 11 .
Hardness values were higher for the specimen which underwent a rolling process with more passes of lower thickness reduction, in comparison with the specimen which underwent a rolling process with less passes of higher thickness reduction. For both specimens the maximum hardness increase after cold rolling achieved on the copper layer.
At the back edge of the specimens, where folding material was developed, many welding openings can be detected, resulting in a non-proper bonding. Therefore, it may be concluded that at this edge the rolling operation destroyed the explosive welding bonding of the two layers of the specimens. However, at the front edge, where excess material was detected, only a small welding opening may be observed in both specimens, the size of which is not possible to affect the integrity of the explosive welding interface bonding.
Along with the excess material, a stress accumulation mechanism occurs at the front end of the specimens leading to a stronger fracture effect on the previously continuous intermetallic layer. After the rolling of the center of the specimen a stress relieving mechanism takes place leading to a more uniform fracture mode. This conclusion can also be supported by the observation of small cracks close to the nearby broken intermetallic regions cavities of the front half specimen which tend to disappear on the back half specimen or still exist in a considerably smaller size.
After explosive welding, intermetallic compounds of the interface can be mostly observed in a vortex form [29] , many of which, after the rolling operation, broke and turned into flattened intermetallic compounds, see Figure 6 . The biggest of these vortices deformed more than the smaller during the rolling operation creating a considerable amount of new entrapped copper regions.
As an overall conclusion it can be noted that even though cold rolling improves the hardness of both layers of explosively welded bimetallic Al/Cu specimens, yet it is not a suitable post welding process for this type of specimens since it affects detrimentallythe structure of the intermetallic bonding layer obtained by the explosive welding operation and consequently weaken it.
